In this study, the effect of RE content on the microstructure and creep properties of Mg-8Al-xRE (x ¼ 0, 1, 2 or 3 mass%) alloys were investigated. The microstructural analysis and phase characterizations of Mg-8Al alloy with 1-3 mass% RE (La-rich Mischmetal) additions were conducted. (i) The as-extruded Mg-8Al-xRE alloys consisted of an -Mg matrix, (Mg 17 Al 12 ) and Al 11 RE 3 compounds. (ii) Raising the extent of RE in the alloy also increases the amount and coarsening of the Al 11 RE 3 compounds, but the amount of phase diminishes and turns into the fine particles. The creep rupture life increment measured at 423 K is around 40-100 MPa, and the creep rupture life over 423 K is also prolonged. The marked improvement in high-temperature tensile creep properties is attributed to the fine rod-like Al 11 RE 3 compound having high thermal stability in the alloys.
Introduction
Magnesium is a common light metal so the magnesiumbased alloys make excellent light-weight materials for construction, because they have high specific strength. These alloys exhibit low density, high rigidity, easy recycling, electromagnetic interference and damping capacities that greatly exceed those of the other materials. 1, 2) Their low densities make magnesium alloys particularly attractive for use in the automotive industries. AZ91 is the most popular magnesium alloy because it exhibits a superior combination of castability, ductility and mechanical strength. Power-train applications are generally used at elevated temperatures; for example, transmission applications can operate at up to 448 K, and engine blocks operate at up to 473 K. 3) However, the range of applications of AZ91 alloy is limited by the low strength and poor creep resistance at temperatures in excess of 393 K. These characteristics make it unsuitable for use in many components in automobile engines. 4, 5) Although some magnesium alloys that containing Sr element developed in the past few years [6] [7] [8] [9] exhibit favorable mechanical properties, even at moderate temperatures, such alloys are more expensive than common Mg alloys such as AZ91. The poor creep property of Mg-Al alloy is caused by the eutectic phase, which is unstable at high temperature, and the quick diffusion of aluminum atoms in a magnesium matrix; both may accelerate the creep rate of Mg-Al alloys at high temperature. In order to improve the creep property of magnesium alloy at high temperature, previous researches may conclude the following solutions: (1) Adding the element which is easier to bond with aluminum elements, so that to suppress the phases in Mg-Al alloys. (2) Promoting the secondary phases to crystallize at the grain boundaries which may pin the sliding of grain boundaries. (3) Producing the fine particles with high temperature stability in magnesium alloys to restrict the movement of dislocations.
The alloys with compositions based on Mg-8Al-xRE (x ¼ 0, 1, 2 or 3 mass%) have been studied and show good behavior on tensile property both at ambient and elevated temperatures and superplasticity in our previous investigations. [10] [11] [12] All rare earth elements form eutectic systems of limited solubility with magnesium. Therefore, it is possible to occur precipitation hardening. The precipitates are stable and may increase the creep resistance, the corrosion resistance, and the high-temperature strength. 13) Rare earth elements (RE) have been used in magnesium alloys for many years usually as Mischmetal (Mm). The creep property of the magnesium alloy must be considered when the alloy is used at high temperature. In this investigation, the effects of a small amount of RE on the microstructure and the creep resistance of the Mg-8Al alloy at elevated temperatures up to 473 K were studied.
Experiments
The alloys were prepared by melting and casting in a vacuum induction furnace in an atmosphere of argon gas, and then were extruded to sheets to a thickness of 3 mm at 633 K. Chemical analysis of the extrusion alloys was performed by inductively coupled plasma atomic emission spectrometer. Table 1 shows the chemical compositions of the magnesium alloys used in this study. The rare earth elements are added in the form of a La-rich Mischmetal with the composition of 85.7%La, 12%Ce, 2%Pr and 0.3%Nd (in mass%).
The sizes of the grains were measured by an optical microscopy, and the mean grain size was calculated by d ¼ 1:74 L (L is the linear intercept size).
10) The microstructure of the alloys were also observed using a scanning electron microscope equipped with an energy dispersive X-ray spectrometer, which had been polished to 0.05 mm by alumina and etched with a solution of 20 mL H 2 O, 10 mL acetic acid, and 12 g picric acid in 200 mL ethanol. Phases in the magnesium alloys used in this study were analyzed by XRD analyzer operated at 30 kV and 20 mA. Microhardness tests were carried out in order to evaluate the effect of RE * 1 Graduate Student, National Taiwan University * 2 Corresponding author, E-mail: chkoo@ntu.edu.tw elements contents on the Mg-8Al base alloy using the Vickers hardness tester (AKASHI MVK-E) with a load of 25 gÁf and loading time of 15 s. Samples for microhardness testing were cut from the as-extruded specimens.
All tensile creep tests were carried out using a constant load creep machine with a three zone furnace. The extension of the specimen was measured by a linear variable differential transformer mounted on the specimens. A flat tensile creep specimen with the gauge length 16 mm and cross section 4 Â 3 mm 2 were cut from the sheet, so that longitudinal specimen axes were parallel to the extrusion direction. Creep test were carried out at 423 and 473 K with a small fluctuation of AE1 K under applied stresses from 40 to 100 MPa. Figure 1 presents four backscattered electron (BSE) images of the as-extruded Mg-8Al-xRE alloys. All specimens exhibit a uniform equiaxed grain structure with a grain size of approximately 20 mm. The microstructure of Mg-8Al alloy is consisted of an -Mg matrix and irregularprecipitate inside the grains and at the grain boundaries. After RE had been added, a rod-like intermetallic phase-Al 11 RE 3 phase was observed. Figure 1 (c) depicts a rod-like intermetallic Al 11 RE 3 phase and phase. The greater contrast of the Al 11 RE 3 intermetallic compound in the BSE image indicates the presence of heavy elements. Increasing the amount of added RE in the alloy increases the amount and coarseness of the Al 11 RE 3 intermetallic compound, as shown in Figs. 1(b)-(d), but the amount of phase decreases as the phase turns into fine particles. Adding more RE further reduced the phase and coarsens the size of Al 11 RE 3 , because the formation of the Al 11 RE 3 phase consumed more aluminum atoms. All of the intermetallic compounds are homogeneously distributed fine particles with sizes around 5-10 mm. Figure 2 presents the X-ray diffraction (XRD) patterns obtained from the as-extruded Mg-8Al and Mg-8Al-3RE: the peaks arise from two phases, -Mg and , both of which in Mg-8Al and Mg-8Al-3RE alloys. The phase is a bodycentered cubic structure. 14) The Al 11 RE 3 compound is a body-centered orthorhombic structure 15, 16) was present only in Mg-8Al-3RE alloy. rod-like Al 11 RE 3 compounds, indicating that the presence of two distinct intermetallic compounds in the Mg-8Al-2RE alloy, as shown in Fig. 1(c) . The microanalysis and XRD pattern demonstrate that these rod-like intermetallic compounds were Al 11 RE 3 .
Results and Discussion

Microstructures and phase characterization
No other RE-containing intermetallics except Al 11 RE 3 compound was observed in the experiment. The work of Wei and Dunlop 17, 18) established a high chemical stability of Al 11 RE 3 and caused RE to combine with Al to form Al 11 RE 3 until all the available RE were used, and without the formation of any pseudo-binary Mg-RE phase or pseudoternary Mg-Al-RE phase. Furthermore, the formation temperature of Al 11 RE 3 is even about 423 K higher than that of the phase, 18) therefore, it causes the formation of Al 11 RE 3 precede that of the phase. Figure 4 shows the microhardness of the matrix of the Mg-8Al-xRE alloys. Adding 1 mass% RE markedly increased the microhardness of Mg-8Al alloy. However, the microhardnesses of Mg-8Al-2RE alloy and Mg-8Al-3RE alloy differ only slightly. The precipitation is the main strengthening phase in the Mg-Al alloy, but the added RE may prefer to combine with Al to form Al 11 RE 3 , until all the available RE has been consumed. Reducing the amount of aluminum in the matrix reduces both the -phase precipitation strengthening and the solid solution strengthening. 19) Therefore, the microhardness of the matrix increases with the amount of RE by Al 11 RE 3 intermetallic compounds dispersion hardening.
Mechanical properties 3.2.1 Hardness
11) Hence, the microhardness of the matrix was increased with the RE content.
Creep property of Mg-8Al-xRE alloys
Creep tests were conducted at two temperatures of 423 and 473 K, and under the applied stresses ranged from 40 to 100 MPa. Table 2 lists the creep data for all the specimens tested at 423 and 473 K under an applied stress of 40 MPa. At a temperature of 473 K and an applied stress of 40 MPa, the creep rupture life of the Mg-8Al base alloy was only 14 h. Adding 3 mass% RE could increase the creep rupture life of the alloy to 32 h. The creep rupture life sharply increases with the amount of RE added to the Mg-8Al alloy, resulting in the prolonged life of 768 and 32 h at 423 and 473 K respectively, for Mg-8Al-3RE alloy. With the same amount of RE added to the Mg-8Al alloy and at applied stress 40 MPa, the creep properties of Mg-8Al-xRE alloy are affected greatly on the temperature. Figure 5 plot the typical creep curves of the Mg-8Al-xRE alloys under a constant stress of 40 MPa at 473 and 423 K. It indicates that the creep resistance of the Mg-8Al-xRE alloys is larger that of the Mg-8Al base alloy. Adding RE greatly reduces the steady-state creep rate, and the creep rupture strain under 40 MPa at 423 K exceeds that at 473 K. Figure 6 shows the fractographs of Mg-8Al and Mg-8Al-3RE alloys creep-ruptured at 473 K under an applied stress of 100 MPa. At 473 K, the fracture surfaces of the creep-ruptured specimens of the alloys with and without RE are indicated the ductile dimple patterns. Some RE-rich compounds are observed at the bottom of the dimples in Mg-8Al-3RE alloy as shown in Fig. 6(b) .
The intermetallic compounds formed with two or more metallic elements are possible to have interatomic bonds that are partially metallic and partially ionic, particularly when there is a large difference in electronegativity values between the metallic elements. 22) Table 3 lists the electronegativity of the added elements. 20) Hence, the RE in magnesium alloy forms an intermetallic phase with the Al alloying element. This phase is mostly in the structure form of Al 11 RE 3 , and exhibits high melting point. Consequently, the Al 11 RE 3 intermetallic compound has high chemical and thermal stability than the phase. 5, 17, 21) The main strengthening phase in the Mg-8Al alloy is the phase, which has a low melting point of approximately 735 K 19) and poor thermal stability. The phase is readily coarsened and softened at the temperatures above 393-403 K. 4, 5) Additionally, the phase has a cubic crystal structure that is incoherent with the h.c.p. magnesium matrix, leading to the fragility of the Mg/ interface. The Al atoms diffuse quickly in the magnesium matrix, and then reduce the solid solution strengthening. All of the above phenomena result in poor tensile creep properties of the Mg-8Al alloy at 473 K, as presented in Fig. 7(b) .
The solid solubility of RE in magnesium is low, 23) and is reduced further by the presence of Al. 24) In Mg-8Al-xRE alloys, when the amount of RE in the magnesium alloy increases to some high value, the solid solubility of RE in the matrix was saturated. Adding more might cause coarsening and increase in volume of Al 11 RE 3 phase without the dissolution of any more RE. Adding RE to Mg-8Al caused Al 11 RE 3 to crystallize in the alloy. The melting point of Al 11 RE 3 phase is higher than phase. Table 4 lists the melting points of typical intermetallic compounds in the Mg8Al-xRE alloys. 15) Although Al 11 RE 3 has a body-centered orthorhombic structure, 14) which is incoherent with the h.c.p. lattice of the magnesium matrix, its high melting point (>1513 K) 15) and strong intermetallic bonding as well as the low diffusion rate of RE elements in magnesium all contribute to a thermally stable alloy, even at 773 K. 17, 25) Therefore, the sliding of grain boundaries and the slip of dislocations in the matrix were effectively prevented at elevated temperatures, improving the properties at high temperature, especially the creep properties (as shown in Figs. 5 and 7) .
The microstructures of the as-extruded alloy sheet Mg-8Al are unstable, and may form secondary discontinuous precipitates during the creep test. 26) The discontinuous precipitation phase has been thought to be responsible for the excessive deformation at elevated temperatures, because numerous lamellae in the vicinity of the grain boundaries providing many easy-sliding surfaces, which also explain the poor creep resistance of Mg-8Al alloy at elevated temperatures. However, adding RE to Mg-8Al alloy forms the Al 11 RE 3 intermetallic phase, which may suppress the precipitation of discontinuous phase during the creep test (as shown in Fig. 8) .
During a tensile creep test at 423 K, both precipitates and Al 11 RE 3 dispersions obstructed the motion of dislocations, strengthening the alloys. The precipitate becomes coarser and softer, and gradually loses its strengthening effect because the diffusion rate is high when the temperature exceeds 393 K. 19) However, the ''thermally stable'' Al 11 RE 3 dispersions continue to resist slip and strengthen the alloy at high temperature. Additionally, the fractograph of the Mg8Al-3RE alloy in Fig. 6 Figure 7 plots the creep rupture life vs RE contents tested at 423 and 473 K. The figures indicate that for a given amount of added RE, the creep rupture life is improved markedly at 423 K, but slightly at 473 K. Although the difference between 423 and 473 K is 50 K, under low stress conditions, the creep rupture life at 423 K was improved 20-30 times more than that at 473 K. The improvement in the creep rupture life by adding RE is attributed to the formation of a thermal stable Al 11 RE 3 compound and the suppression of precipitation of the phase during creep test. Therefore, the Al 11 RE 3 compound effectively inhibited the dislocation gliding and grain boundary sliding. Consequently, the creep resistance increases with the RE content. TEM investigations of the dislocation in the crept specimens of the alloys are studied under way. 
